The issues of local stability and ultimate resistance of a continuous beam with thin-walled box section (Class 4) were reduced to the analysis of the local buckling of bilaterally elastically restrained internal plate of the compression flange at longitudinal stress variation. Critical stress of the local buckling was determined using the so-called Critical Plate Method (CPM). In the method, the effect of the elastic restraint of the component walls of the bar section and the effect of longitudinal stress variation that results from varying distribution of bending moments were taken into account. On that basis, appropriate effective characteristics of reliable sections were determined. Additionally, ultimate resistances of those sections were estimated. The impact of longitudinal stress variation and of the degree of elastic restraint of longitudinal edges on, respectively, the local buckling of compression flanges in the span section (p) and support section (s) was analysed. The influence of the span length of the continuous beam and of the relative plate slenderness of the compression flange on the critical ultimate resistance of box sections was examined.
INTRODUCTION
Metal thin-walled elements (with Class 4 section) are commonly used in modern metal construction as, e.g. load carrying elements of roof purlins [11] or wall girts. Cold-formed open sections (e.g. Z-, C-or sigma sections), and also box sections are often employed. For light framing systems, GEP sections provide an interesting solution [8] . As regards the occurrence of instability phenomena, 1 MSc., Eng., Kielce University of Technology, Faculty of Civil Engineering, Al. Tysiąclecia PP 7,  25-314 Kielce, Poland, e-mail: k.brzezinska@tu.kielce.pl 2 DSc., PhD., Eng., Kielce University of Technology, Faculty of Civil Engineering, Al. Tysiąclecia PP 7,  25-314 Kielce, Poland, e-mail: aszychow@tu.kielce.pl purlins with open section can undergo local buckling, distortional buckling, lateral torsional buckling about a forced rotation axis, which can be caused by, e.g. wind suction, or gravitational loads in nearsupport segments of continuous beams. That results from the fact that thin-walled open sections have low wall stiffness both in local buckling and distortional buckling, and also low stiffness of the whole section in torsion.
By contrast, thin-walled box sections are far less susceptible to local buckling because in the section only internal walls are found. They are more resistant to local buckling compared with cantilever walls [16] , or cantilever walls with edge stiffener that are prone to distortional buckling [17] .
Additionally, box sections are virtually insensitive to distortional buckling, and in majority of cases, are resistant to lateral torsional buckling. In study [3] , the so-called deformability buckling was discussed, however that can occur only at compressive stress level that substantially exceeds the critical stress of local buckling. The resistance of box sections results from substantial torsional stiffness of hollow structural sections. Additionally, due to advantageous longitudinal distribution of bending moments, with continuous beam systems, it is possible to utilise the effect of longitudinal stress variation in the local stability analysis [12] .
As regards thin-walled elements in bending, it is necessary to account for the possibility of occurrence of the local buckling of the compression flange, and also of webs in bending and shear.
In order to determine the resistance of thin-walled section, the effective width method is commonly used. Basically, the method involves the determination of the critical stress of local buckling (Vcr L   ) for individual walls of the section. The assumptions that are made concern the wall pin support, and constant longitudinal stress distribution. On the basis of the above, relative plate slenderness
Op=√fy/Vcr
L and the wall effective width beff =U(Op)b are determined.
This study is concerned with the determination of the resistance of a continuous beam (e.g. purlin)
with thin-walled box section. In the procedure, the following are taken into account: 1) the effect of the weakest wall elastic restraint in the stiffening walls, and 2) effect of longitudinal stress variation caused by variation in bending moments.
In the analysis, it was assumed that the box section was constant over the whole beam length (Fig.1) .
Here, the end span is decisive for the continuous beam resistance. The case when the first (end) span is additionally strengthened, and intermediate spans decide the resistance will be analysed in a separate study. 
COMPUTATIONAL MODEL OF LOCAL BUCKLING
In the computations of the local stability of thin-walled metal elements in accordance with the European standards EC-3 [16] [17] [18] , a concept was assumed that component plates (walls) of the section are pin-supported on longitudinal edges of their connection. For the plates separated in this manner critical stress is determined for each of them individually. In accordance with this approach, the local critical resistance of the section, determined from the local buckling condition, depends on the critical stress of the weakest plate. The standard [17] Chapter 5.3 (Table 5 .2) allows modelling the walls with rotational and translational spring stiffeners, however, it does not provide any solutions that concern local buckling. In this respect, it is recommended that the designer should rely on the computational model acc. the code [16] . That is equivalent to adopting a concept of separation of simply supported plates. After determining relative slenderness of individual walls, the respective widths are estimated. Then, they are put together to make an effective cross-section. Additionally, in design calculations, the effect of longitudinal stress variation is disregarded, although it is often found to occur in practice.
The effect of longitudinal stress variation in pin-supported internal wall in compression was taken into account, among others, in [2, 6, and 15] . A more accurate computational model that takes into account the impact of local buckling on the resistance of thin-walled sections was presented in study [12] . The Critical Plate Method (CPM) reported in the study accounts for both the effect of the elastic restraint of component walls, and also that of longitudinal stress variation. 
LOCAL CRITICAL RESISTANCE AND DESIGN ULTIMATE RESISTANCE OF THE SECTION
In study [12] , a concept of the local critical moment (Mcr L ) of thin-walled section was developed. It is determined from the condition of the local buckling of the bar segment under simple loading pattern (M). The local critical resistance of the section in bending can be interpreted as resistance in the prebuckling behaviour. also constitutes a limit to the validity of the theory on thin-walled bars with a rigid cross-section contour.
In study [5] , resistance of thin-walled section from the condition of yield of the most compressed edge of the effective cross-section (conservative estimation of the ultimate resistance) was differentiated from the section resistance at the failure stage, associated with the kinematically admissible mechanism of plastic hinge (non-conservative estimation of ultimate resistance). For structural designers, the so-called design resistance determined from the condition of yield of the most compressed edge of the effective cross-section, i.e. conservative estimation of the ultimate resistance, is of key importance. Conversely, resistance at the failure stage is used in the design of mechanical energy absorbers [5] .
Consequently, in study [12] , resistance from the condition of yield of the most compressed edge of the effective section (i.e. conservative estimation of the ultimate resistance acc. [5] ) was specified as the design ultimate resistance.
THE CONCEPT OF THE CRITICAL PLATE METHOD (CPM) ACC. [12]
As regards thin-walled sections, the application of the CPM method involves primarily the identification of the critical plate (CP), which is decisive for local buckling under a given stress state.
Then, it is assumed that CP longitudinal edges are elastically restrained against rotation in the neighbouring restraining plate (RP), or in the neighbouring restraining plates (RPs), e.g. in the webs.
That means that for CP, the critical stress is higher than when it is assumed the plate is simply supported. The index of CP elastic restraint in RP is determined from formula:
where: Cθ -rotational spring stiffness equal to the bending moment created by rotation by a unit angle (Cθ=M/θ), bs -width of the plate subjected to buckling (CP), Ds -plate flexural rigidity acc. formula: where for E=210000 N/mm 2 and Q =0.3, it can be approximately assumed that Ds=19200 ts 3 .
The critical stress, determined after taking into account the effect of elastic restraint and longitudinal stress variation (in accordance with linear or non-linear functions), is utilised to: 1) determine the local critical resistance of the section [12] , 2) specify the effective widths of individual walls, 3) determine the design ultimate resistance [12] .
For thin-walled box sections, the CPM assumptions are as follows: 1) CP acts as an internal plate, bilaterally elastically restrained against rotation, 2) CP to RP connection is rigid (i.e., on the longitudinal edge of their connection, the conditions of continuity of displacements -rotation angles, and forces -bending moments, are met), 3) the transverse edges of the plates (CP and RP) are simply supported on the bar segment ends, 4) thin-walled bar segment, with the length of ls, is defined as follows: a) for constant longitudinal stress distribution -a distance between the so-called buckling nodal lines, b) for longitudinal stress variation -a distance between transvers stiffeners (diaphragms, ribs or supports) that maintain a rigid section contour, but not longer than the range of the compression zone in the critical plate [13] . The conditions under which assumption 2 can be adopted were discussed in [12] .
ALGORITHM OF THE CPM METHOD FOR THIN-WALLED BOX SECTIONS UNDER UNIDIRECTIONAL BENDING
In transverse bending, for a majority of typical, cold-formed box sections [1] , it is local buckling of the compression flange that decides, as a rule, their resistance. Because of their geometric topology, those sections were categorised as semi-complex group in study [12] .
The ultimate h of the section, at which the compression flange buckling and web in-plane bending occur almost simultaneously can be given from formula [12] (5.1) For h<h0, it is the compression flange that decides local buckling, whereas for h>h0, the weakest section wall, in the pre-buckling behaviour, is the web under in-plane bending.
The algorithm for determining the local critical resistance and the design ultimate resistance of the box section under bending is as follows:
1)
Identification of CP for semi-complex section on the basis of condition:
where: VE,i -Euler stress for the i-th plate.
It should be noted that for h<2,44b(tw/tf), the compression flange is the critical plate, which directly results from dependence (3). The case of welded box sections with h>h0, in which buckling of webs in bending and shear is decisive for the critical resistance will be analysed in a separate study.
2)
Making assumption on the initial value of the index of fixity of CP edge (for the socalled zero step), e.g. N0 =0.3
3) Determination of the expected critical length (lcr) for a single half-wave of CP buckling [12, 14] acc. formula: 
J
The plate buckling coefficient (k∞) of the internal plate that is elastically restrained and indefinitely long [14] , can be determined from the formula: (5.9) where: cj -parameter of geometric configuration of the plates that are in contact on the j-th edge, for box section cj=1 [12] , Dr=19200 tr 3 -flexural stiffness of RP.
8)
Repetition of steps 3) to 7) until Ni ≈N i+1
9)
Vcr,s(Ni+1) acc. formula (8) For box section, section modulus Weff is determined for the following assumptions [12] : a) plate slenderness of the compression flange (critical plate CP) should be determined on the basis of the critical stress that is determined while taking into account the effect of bilateral elastic restraint of the plate in the webs of the section, and also longitudinal stress variation, b) for webs (restraining plates RPs), simple support should be adopted on the same edges, c) boundary conditions on the second internal edge of RP generally produce only a slight effect on the results of computations, (in a conservative manner, simple support can also be assumed here), d) the effect of the potential longitudinal stress variation in RP is minimal and, therefore negligible, e) the widths determined in the manner above are put together to form an effective cross-section. The difference between the algorithm presented above and the classic version of the effective width method was discussed, in detail, in study [12] .
EXAMPLE OF CPM APPLICATION TO THE DETERMINATION OF THE

RESISTANCE OF THE CONTINUOUS BEAM UNDER TRANSVERSE BENDING
Computations were performed, among others, for five-span continuous beam (e.g. purlin) with the span length L=4m and thin-walled box section Sk250x250x4. The beam was made from S355 grade steel, and the continuous load was uniformly distributed.
Beam structure and loading, graphs of bending moments and parameters adopted in the analysis are shown in Fig.4 . The relationship between the maximum support moment Ms, and the maximum span moment Mp in the end span is u=|Ms/Mp|=1.351. In the support sections of the beam, external reinforcing ribs (diaphragms) were used. Their role is, among others, to transfer support reactions. On the basis of the analysis of the results reported in study [6] , it can be stated that as regards nonlinear stress distribution for the whole span range (lp+c), coefficient k takes essentially the same values as those determined for the reduced range lp. For instance, for Js ≥2, the differences do not exceed 1% and they decrease with the segment length. Conversely, in study [13] , it was shown that if the sign of stress is changed, the design segment length can be limited to the compression zone range, as is the case in the support zone (ls) of the continuous beam.
Consequently, from the standpoint of engineering calculations with the use of CPM, to determine the span section resistance, it is sufficient to assume a reliable length of the segment as lp, and for the support section, a segment of the length ls (Fig.5.) . For the span segment, non-linear distribution My (in accordance with the second degree parabola) was assumed, whereas for the support segment, concave graph of My was conservatively approximated using linear distribution. In row 1 of Table 1 , the critical load value is given (qcr), which results from the condition of reaching the local critical resistance of the support section , The comparison of the results presented in Table 2 Figure 6 . shows the effective sections of Sk250x250x4 profile determined for span and support sections, respectively acc. CPM (Fig.6. a, b) and acc. EC-3 (Fig.6. c, d ). For instance, the effective width (beff) of the compression plate of the support section that decides beam resistance, acc. CPM is 16.5% greater than (beff) acc. EC-3. The shift of the neutral axis in the effective section acc. CPM compared with the gross section is e=9,2 mm. This value is lower, by 33%, than e=13.7 mm estimated acc. EC-3. for short spans (L=4m) and approx. 9% for longer spans (L=5;6;7m), 2) differences in resistances determined acc. CPM and EC-3 are inversely proportional to the length of spans, i.e. the shorter are the spans, the greater are the differences, 3) as the span length grows, the resistance parameters of the continuous beam are reduced. Table 3 also lists, for the sake of comparison critical and ultimate loads determined acc.
CPM for the case, in which the span section was decisive for the beam resistance. M and of the critical load qcr decrease, 2) the difference between the resistance results obtained acc. CPM and EC-3 is approx.+59%, 3) as thickness of the section wall decreases, the design ultimate resistance Meff and the critical ultimate load qeff are reduced, 4) the difference between the results produced acc. CPM and EC-3 is approx. +10% for t=3;4;5mm and approx. +8% for t=2mm. CPM, translated into almost 10% increase in the design ultimate resistance when compared with computations acc. EC-3. This relationship does not depend on CP slenderness.
SUMMARY
The study shows the application of the Critical Plate Method (CPM) [12] to the determination of the local critical resistance (Mcr) and design ultimate resistance (Meff) of thin-walled box section. The method accounts for the effect of the elastic restraint of component plates and longitudinal stress variation. The computations were performed for a more accurate model of behaviour of the internal critical plate (CP) and restraining plates (RPs) rigidly connected to CP. The local critical resistance determined in this way specifies the range of pre-buckling behaviour of the section and constitutes a limit to the validity of the theory on thin-walled bars with a rigid cross-section contour.
On the basis of the results presented Tables 1 and 2 , it can be stated that the intermediate support segment (Ms) of the first span decides the resistance of five-span beam with thin-walled box section.
The segment mentioned above is the first one, in which first the local critical resistance, and then design ultimate resistance are reached.
To determine the design ultimate resistance of the box section, the effective width method can be used. The method is applied to individual plates (Chapter 5 step 11), which follows the concept developed in study [12] . The relative slenderness values are determined on the basis of appropriate critical stress of the component plates. For CP, stress computations account for fixity indices and longitudinal stress variation. For RP, simple support conditions on the same edge and constant stress distribution along the length can be assumed. Such assumptions ensure calculations that are accurate enough from the technical standpoint for this class of thin-walled structures.
For the beam analysed in the example, made from cold-formed Sk250x250x4 box section and computed acc. CPM, approx. 59% increase in the critical resistance was found. That led to almost 10% increase in the design ultimate resistance when compared with the computational results obtained acc. EC-3.
As a result, the application of the more accurate computational model makes it possible to design thin-walled structures in a more optimal way. In the model, the unknown reserves of resistance are substituted with objective measures of reliability.
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